The Fredkin gate (Fredkin & Toffoli, 1982 (Lee, et al. 2008 ) that are mutually inverse. In addition, both elements have 2 inputs, 2 outputs, and 2 states that can record one-bit information.
Introduction
Reversible computing not only reflects a fundamental law of physics, but also offers potential to achieve zero dissipation by preventing entropy loss during computation [1, 2, 3, 7, 8] . One of well-known reversible models is the conservative logic [4] . A conservative logic gate is defined by a Boolean function
where f is bijective. In addition, assume
then the number of 1 in X is equal to that in y . All conservative logic gates can be realized by the Fredkin gate [4] which consists of 3 inputs and 3 outputs. Recently, by allowing the use of internal states to record one-bit information, various reversible elements have been designed and their logic universality has been investigated [9, 10, 6] . In particular, the least complex elements achieved thus far include the so-called RT and IRT elements that are mutually inverse [6] . Both the RT and IRT elements have 2 inputs, 2 outputs, and 2 states. Moreover, these two elements are logically universal in the sense that a universal reversible Turing machine can be realized via a circuit composed only of them.
However, the above circuit simulating a reversible Turing Machine is subject to a strict restriction by which at most one (1-value) signal is permitted to run around in the entire circuit at any time [6] . Though such extremely serial operating mode may allow the removal of a central clock from the circuits [9, 5, 6] , it obviously lacks of practical efficiency for physical implementation.
In this paper, we give an effective design scheme to realize the Fredkin gate by using the RT and IRT elements. As a result, any conservative logic function can be constructed in a straightforward way based upon these two mutually inverse elements.
Fredkin Gate
A Fredkin gate is a conservative-logic gate which maps 3 inputs (c, p, q) onto 3 outputs (c′, p′, q′) ( Fig.1) . The truth table of a Fredkin gate is given in Tab.1. Roughly speaking, the input c is directly mapped to output c′. When c =1, inputs p and q are mapped to outputs p′ and q′, respectively. When c =0, on the other hand, the outputs p′ and q′ are swapped such that p (q) is mapped to q′ (resp. p′).
A Fredkin gate can be realized by the Switch gate and the Inverse Switch gate [4] given in Fig.2a and Fig.2b , respectively, with the construction being illustrated in Fig.2c . 
Reversible Elements with Memory
A reversible element is defined by
, in which I and O are finite sets of inputs and outputs, respectively, Q is a finite set of states, and
φ is a bijective function which determines the logic operation of the element. 
is demonstrated in Fig.4 and Tab.3. Called Inverse Reading Toggle (IRT), obviously this element and the RT are logically inverse to each other [6] . 
Construction of Fredkin Gate by Reversible Elements
Without loss of generality, we assume that each operation of a conservative logic gate or a reversible element takes one unit of time. In this case, Fig.5 gives a useful element called delay element which can be used to adjust the arrival timings of signals. Furthermore, Fig.6 gives the realizations of a Switch gate (Fig.2a) and its inverse by the RT and IRT elements, respectively. Operation of a Switch gate in response to a pair of input signals is illustrated in Fig.7 .
Following the way (Fig.2c) to realize a Fredkin gate using the Switch gate and its inverse, Fig.8 shows the construction of a Fredkin gate from the RT and IRT elements. Thus, due to the universality of Fredkin gate for conservative logics [4] , any arbitrary reversible logic circuit can be constructed using the RT and IRT elements. 
Conclusions
In this paper, we showed that two logically inverse elements-the RT and the IRT [6] -can be used to synthesize any conservative-logic gate, such as the Fredkin gate. Both the RT and IRT have 2 inputs, 2 outputs, and 2 states. Since not all conservative logics can be realized by reversible gates with 2 inputs and 2 outputs, the binary states used to store one-bit information play a key role in accomplishing the universality of the RT and IRT elements. The less number of inputs and outputs may allow efficient physical implementation of RT and IRT, for example, as implementation by cellular automata [9, 5, 6] .
